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Abstract The vacuolar (H
?)-ATPase (V-ATPase) is the
main regulator of intraorganellar pH and in neuroendocrine
cells is controlled by its accessory subunit, Ac45. Here, we
report the discovery of the ﬁrst isoform of a V-ATPase
accessory subunit, namely an Ac45-like protein, denoted
Ac45LP. Phylogenetic analysis revealed a lineage-depen-
dent evolutionary history: Ac45 is absent in birds, and
Ac45LP is absent in placental mammals, whereas all other
tetrapod species contain both genes. In contrast to Ac45,
Ac45LP is not proteolytically cleaved, a prerequisite for
proper Ac45 routing. Intriguingly, Xenopus Ac45LP
mRNA was expressed in developing neural tissue and in
neural crest cells. In adult Xenopus, Ac45 mRNA is widely
expressed mostly in neuroendocrine tissues, while Ac45LP
mRNA expression was found to be restricted to the kidney
and the lung. This novel Ac45LP may provide additional
possibilities for V-ATPase regulation during neurodevel-
opment as well as in kidney and lung cells.
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Introduction
In eukaryotic cells, certain organelles, such as endosomes,
lysosomes and secretory granules, must maintain an acidic
internal environment in order to function properly. This
intraorganellar acidiﬁcation is mainly regulated by the
vacuolar (H
?)-ATPase (V-ATPase), a large multi-protein
complex which, at the expense of ATP, pumps protons from
the cytosol into the lumen of the organelles. V-ATPase-
mediated acidiﬁcation has been extensively studied, and
diverse critical processes have been identiﬁed to be
dependent on this proton pump, including membrane traf-
ﬁcking, embryonic left–right patterning, receptor-mediated
endocytosis, lysosomal hydrolysis, neurotransmitter release
and prohormone processing [1–4]. In addition to its intra-
organellar roles, V-ATPase is known to play an important
role in extracellular acidiﬁcation as well. In various
specialized mammalian cells, such as the renal alpha-
intercalated cells, the pump is located at the apical mem-
brane where it regulates proton secretion into the late distal
renal tubule in order to maintain an acid–base balance [5].
The V-ATPase in the apical membrane of osteoclasts is a
major player in modulating bone resorption [6].
The V-ATPase also plays an essential role in the
development of multicellular organisms. In the mouse,
disruption of the V-ATPase complex by selective gene
inactivation leads to early developmental lethality [7, 8]. In
developing Drosophila, disruption of plasma membrane
V-ATPase subunit alleles results in the lethal transparent
Malpighian tubule phenotype, which is most likely the
result of a failure in urinary acidiﬁcation [9]. The treatment
of Xenopus or chick embryos with the V-ATPase-speciﬁc
inhibitor baﬁlomycin A1 resulted in a disturbance of
embryonic left–right patterning [1], while a recent study on
zebraﬁsh V-ATPase mutants showed severe malformations
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developing eye [10]. Taken together, the results of these
studies point to an important, conserved and broad role for
V-ATPase proton pumping in developing organisms.
The V-ATPase consists of two main sectors. The cyto-
plasmic ATP-hydrolytic V1-sector is composed of subunits
A, B, C, D, E, F, G and H. The membranous V0-sector
consists of subunits a, e, d, c and c00 and harbors the rotary
mechanism that is used to transport protons across the
membrane [11]. Intriguingly, extensive expression studies
on V-ATPase subunits in tissues of various species have
identiﬁed the existence of a number of isoforms of
V-ATPase subunits throughout the animal kingdom.
V-ATPase subunit isoforms expressed predominantly in
the kidney have been reported for the V0a4 subunit with a
repertoire of splice variants [12–14], for the V1B1 subunit
[15] and, more recently, for the V0d2, V1G3 and V1C2
subunits [5, 16, 17]. In neurons, three V0a isoforms are
expressed (V0a1-3), whereas alternative splicing of V0a1
mRNA results in brain-speciﬁc variations of this subunit
[18]. In Caenorhabditis elegans, four distinct V0a isoforms
have been identiﬁed [19]. Furthermore, a repertoire of V-
ATPase subunit isoforms has been discovered in the apical
pole of narrow and clear cells of the epididymis where they
regulate the pH to keep spermatozoa in a quiescent state
during their maturation and storage [20]. Expression of the
V-ATPase subunit isoform V1C2a has also been found,
speciﬁcally in the lamellar bodies of type II alveolar lung
cells, whereas its relative V1C2b is expressed uniquely in
the a- and ß- kidney intercalated cells [21]. Clearly, the
diversity of V-ATPase subunit isoforms and thus the
numerous subunit combinations provide cells with highly
specialized proton pumps, each situated in a speciﬁc
membrane and with a distinct regulation.
In addition to the ‘common’ subunits and their isoforms,
certain cell types possess an accessory subunit that binds to
the V0-sector as part of the V-ATPase complex. The
highly glycosylated type-I transmembrane protein Ac45
(ATP6AP1) is a neuroendocrine-enriched accessory subunit
of the V-ATPase that was ﬁrst isolated from bovine chro-
mafﬁn granules by its co-puriﬁcation with the V0-sector of
the pump [22–24]. In secretory granules [22, 23] and in the
rufﬂed apical membrane of osteoclasts [6, 25], the Ac45
protein binds to the V0-sector of the V-ATPase. In peptide-
hormone-producing Xenopus melanotrope cells, the Ac45
proteinisco-expressed with the main melanotrope secretory
cargo protein, proopiomelanocortin (POMC), suggesting a
role for Ac45 in V-ATPase-mediated acidiﬁcation of the
secretory pathway. We have therefore proposed that the
Ac45 protein may be a regulatory subunit of the V-ATPase
[26].Thishypothesiswasrecentlysupportedbytheresultsof
our transgenic approach in the neuroendocrine Xenopus
melanotrope cells, showing that Ac45 controls V-ATPase
localization by directing the V-ATPase into the regulated
secretory pathway, thereby affecting V-ATPase-mediated
and Ca
2?-dependent regulated secretion [27].
In contrast to what holds for the ‘common’ V-ATPase
subunits, no isoform of the V-ATPase accessory subunits
has been found. In the study reported here, we describe and
characterize for the ﬁrst time a relative of the Ac45 protein.
On the basis of our results, we propose that this newly
identiﬁed, lung- and kidney-speciﬁc Ac45 isoform may
inﬂuence V-ATPase functioning during development and
in adult organisms in a tissue-speciﬁc manner.
Materials and methods
Databases and phylogenetic and protein structure
prediction analysis
Expressed sequence tag (EST) and genomic sequences
were derived from NCBI using the TBlastN algorithm
(http://www.ncbi.nlm.nih.gov/) and from the Ensembl
genome browser (http://www.ensembl.org/index.html) and
UCSC genome browser (http://genome.ucsc.edu/) using the
BLAST algorithm. Multiple alignments of EST sequences
were performed by ContigExpress (Vector NTI Suite 7
software package). Nucleotide sequences were translated
using the ExPASy-Translate tool (http://www.expasy.
ch/tools/dna.html). Alignments were made using Clu-
stalW (http://www.ebi.ac.uk/Tools/clustalw2/index.html)
and edited in JalView 2.3 [28]. Phylogenetic trees were
calculated using the PHYLIP 3.68 package (http://
evolution.gs.washington.edu/phylip.html) and plotted with
TreeDyn [29]. An overview of search references is listed in
Electronic Supplementary Material (ESM) Table S1. The
public CBS Prediction Server (http://www.cbs.dtu.dk/
services/) was used to predict protein domains and post-
translational modiﬁcations.
Animals
Female Xenopus laevis were obtained from African Reptile
Park (Muizenberg, South Africa) and reared under day–
night conditions at 18C in the Xenopus facility of the
Department of Molecular Animal Physiology, Central
Animal Facility, Radboud University, Nijmegen, The
Netherlands. Experiments were carried out in accordance
with the European Communities Council Directive 86/609/
EEC for animal welfare.
Xenopus eggs and embryos
Eighteen hours prior to obtaining the eggs, female X. laevis
were injected with 375 iU human chorionic gonadotropin
630 E. J. R. Jansen et al.(Pregnyl; Organon, Oss, The Netherlands). For in vitro
fertilization, eggs were harvested and directly put in con-
tact with sperm of a freshly dissected testis. After 5 min,
the eggs were overlaid with 0.19 MMR (19 MMR;
100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.5 mM CaCl2,
5 mM Hepes, pH 7.5). The fertilized eggs were then
selected and cultured in 0.19 MMR/50 lg/ml gentamycin
at 22C. Various developmental embryonic stages were
selected and used for total RNA extractions. Embryo
staging was carried out according to Nieuwkoop and Faber
[30].
Molecular cloning of Xenopus laevis Ac45LP cDNA
For molecular cloning of the full-length nucleotide
sequence of Xenopus Ac45LP, cDNA derived from total
RNA isolated from stage-25 Xenopus embryos was used as
a template. For PCR ampliﬁcation, High Fidelity PCR
Enzyme Mix (Fermentas Int, Burlington, ON, Canada)
with primers based on Xenopus embryonic EST sequences
(accession no. BJ036521, xAc45LP forward primer:
50-ggggggtacctcgagccttttgcaaatatgctggcttc-30; accession
no. AW766525, xAc45LP reverse primer: 50-gggggagctc
tagatcaatcccacaggttgttattctg -30) was used. After ampliﬁ-
cation, the PCR products were subcloned into the pGEM-
T-Easy Vector System (Invitrogen, Carlsbad, CA), and
inserts were sequenced on both strands using T7 and SP6
sequencing primers and various internal primers using the
ABI BigDye Sequencing kit (Applied Biosystems, Foster
City, CA). The Xenopus Ac45LP cDNA sequence was
deposited in the NCBI GenBank under accession no.
GQ427149.
For exogenous protein expression in Xenopus embryos,
both full-length Xenopus Ac45 (clone X1311) [24, 26] and
Ac45LP cDNAs were subcloned into the pCS2
? vector for
in vitro transcription using SP6-RNA polymerase.
In vitro transcription and microinjection of synthetic
mRNAs into Xenopus embryos
Ac45/pCS2
? and Ac45LP/pCS2
? plasmids were linearized
with NotI, and 1 lg of linearized DNA was used as a
template for in vitro transcription using the Message
Machine SP6 Transcription kit (Ambion, Foster City, CA)
according to the manufacturer’s guidelines. Following
synthesis, the mRNA was precipitated using lithium chlo-
ride and dissolved in DEPC-treated MQ. The jelly-coat was
removed from in vitro fertilized Xenopus eggs using 2%
cysteine in 0.259 MMR (19 MMR; 100 mM NaCl, 1 mM
KCl, 0.5 mM MgCl2, 1.5 mM CaCl2, 5 mM Hepes, pH
8.2), and the fertilized eggs were subsequently washed in
0.19 MBS [19 MBS; 88 mM NaCl, 0.82 mM MgSO4,
2.4 mM NaHCO3, 1 mM KCl, 0.33 mM Ca(NO3)2,
0.41 mM CaCl2, 10 mM Hepes, pH 7.4], placed in an
injection grid ﬁlled with injection medium (3% Ficoll/
0.259 MMR/50 lg/ml gentamycin) and kept on a cooled
plate. Following the injection of RNA [1–2 ng mRNA/
10 nl MR solution (100 mM NaCl, 1.8 mM KCl, 2 mM Ca
Cl2, 1 mM MgCl2, 5 mM Hepes, pH 7.6] into the animal
hemisphere, embryos were allowed to recover for 2 h and
initiate ﬁrst embryonic cleavages at 18C. Well-developing
four-cell stage embryos were selected and cultured in
injection medium at 18C until developmental stage 12 was
reached, at which point ten embryos were homogenized in
100 ll lysis buffer [50 mM Hepes pH 7.4, 140 mM NaCl,
0.1% Triton-X100, 1% Tween 20, 1 mg/ml deoxycholate,
1 lM phenylmethylsulfonyl ﬂuoride (PMSF), 0.1 mg/ml
soybean trypsin inhibitor]. The lysates were cleared by
centrifugation, and 5 ll of the supernatant was subjected to
western blot analysis.
Western blot analysis
Embryo lysates were separated on 10% SDS–PAGE and
subsequently transferred to nitrocellulose membrane (Pro-
tran; Schleicher and Schuell, Dassel, Germany).
Membranes were incubated with the anti-Ac45-C antibody
(1311-C, 1:5,000) [24] and secondary peroxidase-conju-
gated Goat-anti-Rabbit antibody (Nordic Immunology,
Tilburg, The Netherlands, 1:5,000) followed by chemolu-
minescence (LumiLight
Plus; Roche Diagnostics,
Indianapolis, IN). Signals were detected using a Bio-
Imaging system with Labworks 4.0 software (UVP
BioImaging systems, Cambridge, UK).
Digoxigenin-UTP labeling of Xenopus Ac45
and Ac45LP RNA probes
For the generation of Xenopus Ac45 and Ac45LP sense-
and anti-sense digoxigenin (DIG)-labeled RNA probes, we
ampliﬁed a 304-bp fragment of Xenopus Ac45 cDNA
(clone X1311 nt 401–704) [24]) by PCR using the prim-
ers x1311-50ISH(50-gggggaattcgagaagcttggagtcagc) and
x1311-30ISH(50-gggggaattctaggctgctcagtggcaag). For the
ampliﬁcation of a 306-bp Xenopus Ac45LP cDNA
fragment (this manuscript, GenBank accession no.
GQ427149, nt 377-682), we used primers xAc45LP-50ISH
(50-gggggaattcaaaaccaggcaaactggaac) and xAc45LP-30ISH
(50-gggggaattcgtacagtggtatcaaggctc). After puriﬁcation,
the PCR products were bidirectionally cloned into the
EcoRI-restriction site of pGEM3-Zf? (Promega Life Sci-
ences, Madison, WI). The orientation of the inserts was
veriﬁed by DNA sequencing using the T7-promoter primer.
Both sense- and anti-sense-oriented clones of the Ac45 and
Ac45LP inserts were selected. A 1-lg aliquot of BamHI-
linearized plasmid DNA was used for the synthesis of
Identiﬁcation of an Ac45 isoform 631DIG-labeled RNA probes using the DIG-RNA Labeling
Mix (Roche Diagnostics) and T7-RNA polymerase (Fer-
mentas) according to the manufacturers’ guidelines. After a
lithium chloride precipitation, the puriﬁed RNA was dis-
solved in DEPC-treated MQ. For quantifying the amount of
DIG-labeled RNA probe, we spotted a dilution series of the
probe and of a reference dilution series of DIG-labeled
control RNA (Roche Diagnostics) onto a nitrocellulose
membrane (Stratalinker UV Crosslinker; Stratagene, San
Diego, CA). The membrane was washed in TBS (136 mM
NaCl, 2.7 mM KCl, 25 mM Tris, pH 7.4), incubated in
blocking buffer (2% NGS, 1% BSA in TBS) for 30 min,
incubated with anti-DIG–alkaline phosphatase-conjugated
Fab fragments (1:5,000 in blocking buffer) for 1 h at 22C,
washed twice for 15 min with TBS and pre-incubated in
alkaline phosphatase buffer (AP-buffer; 100 mM NaCl,
100 mM Tris pH 9.5). Finally, the blot was stained using
NBT/BCIP substrate (Roche Diagnostics) in AP-buffer,
and the concentrations of the DIG-labeled probes were
determined.
Whole-mount in situ hybridization
Stage-30 Xenopus embryos were ﬁxed in MEMFA (0.1 M
MOPS, 2 mM EGTA, 1 mM MgSO4, 4% parformalde-
hyde, pH 7.4), dehydrated in a graded series of ethanol and
stored in 100% ethanol at -20C. For in situ hybridization,
embryos were rehydrated, incubated in TBS-T (19 TBS,
0.1% Tween-20), and Proteinase K treated (150 ng Pro-
teinase K/ml in TBS-T) for 20 min at 50C. The embryos
were then washed for 10 min with 0.1 M triethanolamine/
5 ll/ml acetic anhydride, twice with TBS-T and post-ﬁxed
in MEMFA for 20 min. After several washes with TBS-T,
the embryos were incubated in pre-hybridization buffer
(50% hybridization buffer, 50% TBS-T) for 10 min at
room temperature (RT), placed in hybridization buffer [59
SSC pH 7.0, 50% formamide, 100 lg/ml Torula RNA,
0.1% Tween-20, 5 mM EDTA, 1.5% blocking reagent
(Roche Diagnostics)] and pre-hybridized for 5 h at 58C.
The DIG-labeled RNA probes were then added (500 ng/ml),
and hybridization was performed at 58C for 16 h. The
hybridization mix was then removed, and the embryos
were washed three times with 29 SSC at 65C for 20 min
and treated for 30 min at 37C with 5 lg/ml RNase A in
29 SSC. The embryos were subsequently washed with
0.29 SSSC (0.29 SSC, 0.3% CHAPS) for 20 min at 65C,
washed twice with MNT (100 mM maleic acid, pH 7.5,
150 mM NaCl, 0.1% Tween-20) at RT and pre-incubated
in blocking buffer (1% Blocking Reagent in MNT) for 1 h.
The embryos were then incubated with anti-DIG alkaline
phosphatase-conjucated Fab fragments (Roche Diagnos-
tics; 1:3,000 in blocking buffer) for 4 h at RT, rinsed
several times with MNT and washed thoroughly with MNT
at RT for 16 h. Finally, the embryos were washed with
AP-buffer containing 2 mM levamisole (Roche Diagnostics)
and stained using BM Purple AP substrate (Roche Diag-
nostics). Embryos were examined under a Leica MZ FLIII
stereomicroscope and photographs were taken with a Leica
DC200 color camera using the Leica DCviewer software.
In situ hybridization of Xenopus embryo sections
Stage-30 Xenopus embryos were ﬁxed in Bouin’s ﬁxative,
dehydrated through a graded series of ethanol and embed-
ded in parafﬁn. Sections (6 lm) were mounted on poly-L-
lysine-coated slides and air dried for 16 h at 37C. After
deparafﬁnation, sections were subsequently incubated with
0.1% pepsin/PBS (7 min), 2% paraformaldehyde (4 min)
and 1% hydroxyl ammonium chloride/PBS (4 min). For in
situ hybridization, sections were air dried and covered with
150 ll hybridization buffer (49 SSC, 50% formamide, 19
Denhardt’s, 10% dextran sulfate, 25 mM sodium phosphate
and 0.2 ng/ml yeast tRNA) containing a DIG-labeled RNA
probe (100 ng/ml). Hybridization was performed at 55C
for 16 h in a humidiﬁed chamber. After washing with 29
SSC, 19 SSC, 0.5 9 SSC at 20C, sections were pre-
incubated in blocking buffer (2% normal goat serum, 1%
BSA, 0.3% Triton-X100 in TBS) for 30 min at 20C and
then incubated with anti-DIG alkaline phosphatase-conju-
cated Fab fragments (Roche Diagnostics, 1:500 in blocking
buffer) for 2 h. After washing with TBS and AP-buffer,
sections were stained using nitro-blue tetrazolium (Roche
Diagnostics) and X-phosphate (Roche Diagnostics) in
AP-buffer. Finally, sections were mounted in Mowiol and
examined under a Leica DM 6000 B microscope.
Results
Identiﬁcation and phylogenetic analysis
of an Ac45 paralog
With the aim of identifying a structurally related relative
of the Ac45 protein, we performed database searches and a
Fig. 1 Phylogenetic analysis and alignment of Ac45 [accessory
subunit of vacuolar (H
?)-ATPase] and Ac45-like protein (Ac45LP)
sequences. a Sequence alignment. Underlining Transmembrane
region, asterisks conserved cysteine residues. The alignment contains
colors utilized by the ClustalX coloring algorithm in JalView
(conservation grade colors and coloring of amino acid residues
according to physicochemical criteria). b Phylogenetic tree: Aa Aedes
aegypti, Ac Anolis carolinensi, Bf Branchiostoma ﬂoridae, Ce
Caenorhabditis elegans, Cf Canis familiaris, Dm Drosophila mela-
nogaster, Dr Danio rerio, Ga Gasteroteus aculeatus, Gg Gallus
gallus, Hs Homo sapiens, Tg Taeniopygia guttata, Md Monodelphis
domestica, Mm Mus musculus, Oa Ornithorhynchus anatinus, Rn
Rattus norvegicus, Xl Xenopus laevis, Xt Xenopus tropicalis
c
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large variety of species: man (Homo sapiens), dog (Canis
familiaris), rat (Rattus norvegicus), mouse (Mus muscu-
lus), opossum (Monodelphis domestica), Platypus
(Ornithorhynchus anatinus), chicken (Gallus gallus), zebra
ﬁnch (Taeniopygia guttata), lizard (Anolis carolinensis),
frog (Xenopus laevis and X. tropicalis), zebraﬁsh (Danio
rerio), stickleback (Gasteroteus aculeatus), lancelet
(Branchiostoma ﬂoridae), mosquito (Aedes aegypti), ﬂy
(Drosophila melanogaster) and worm (Caenorhabditis
elegans). An overview of the identiﬁed genes is provided
in ESM Table S1. To construct the phylogenetic tree, we
used the ancestral Ac45 genes of Drosophila, C. elegans,
A. aegypti and B. ﬂoridae as outgroups. Two separate
branches were distinguished. The ﬁrst branch contains the
original Ac45 protein that has been found in vertebrates
ranging from amphibians (Xenopus) and ﬁsh (Danio rerio)
to mammals—but not in birds (G. gallus and T. guttata).
The second branch harbors a group of Ac45-related pro-
teins (Fig. 1a, b). As for Ac45, the primary structures of
these newly identiﬁed Ac45 paralogs are characterized by
the presence of two conserved cysteine residues and a
highly homologous transmembrane domain. However,
these Ac45-related proteins differ from Ac45 itself by the
absence of the typical proline-rich region (amino acids
249–265 in human Ac45, Fig. 1a[ 31]) and a distinct
C-tail. These characteristics led us to name this group
Ac45-like proteins (Ac45LPs). Based on the results of our
database searches and phylogenetic analysis, we identiﬁed
Ac45LPs only in birds (G. gallus and T. guttata), frogs
(X. laevis and X. tropicalis), lizard (A. carolinensis) and
Platypus (O. anatinus), leading to the conclusion that the
Ac45LP is found solely in tetrapods and not in placental
mammals.
Loss of the Ac45LP gene in placental mammals
We studied the Ac45LP gene of the amphibian X. tropi-
calis as a representative of the tetrapod species. Browsing
the translated X. tropicalis genomic database (Ensemble
Genome Browser) with the X. tropicalis Ac45LP amino
acid sequence as bait revealed, apart from the X. tropicalis
Ac45 gene (ten exons) located on scaffold 1144, the
Ac45LP gene situated at scaffolds 121 and 856 (ten exons).
To gain more insight into the evolutionary history of the
Ac45LP gene, we studied the genomic sequences ﬂanking
the Ac45LP gene in human, mouse, chick, Xenopus and
ﬁsh. In Xenopus, the surrounding genomic region of the
Ac45LP gene consists of genes ASB15 and IQUB
upstream of Ac45LP and genes SLC13A1 and FEZF1
downstream of Ac45LP. On chicken chromosome 1, the
structural organizations of these genes, including that of the
Ac45LP gene, were fully conserved (Fig. 2a). On human
chromosome 6 and mouse chromosome 7, the locations of
the Ac45LP-neighboring genes were also conserved;
however, in the regions between the mammalian IQUB and
SLC13A1 genes, we surprisingly identiﬁed only a partial
sequence of exon 9 of the Ac45LP gene (Fig. 2a, b). In
ﬁsh, the potential Ac45LP-surrounding genes were also
fully conserved, but this species lacked any Ac45LP-rela-
ted genomic sequences within this chromosomal fragment
(Fig. 2a).
With respect to the Ac45 gene, in human, mouse, frog
and ﬁsh we found complete conservation of its neighboring
genes, RPL-10, TAZ (upstream), GDI1 and FAM50A
(downstream). In contrast, we did not identify the Ac45
gene in chick and found the Ac45-neighboring genes to be
scattered over a number of chromosomes (Fig. 2a). We
conclude that in placental mammals the Ac45LP gene and
in birds the Ac45 gene have been lost, and that in other
tetrapods, both the Ac45 and the Ac45LP gene are still
present (Fig. 2c).
Molecular cloning and characterization of Ac45LP
in Xenopus laevis
To characterize the newly identiﬁed Ac45LP, we decided
to clone the cDNA encoding the Ac45LP of X. laevis.T o
this end, we performed a BLAST search using the trans-
lated Xenopus laevis EST database (NCBI) and identiﬁed a
number of 50 and 30 ESTs encoding partial protein
sequences with a low degree of amino acid sequence
identity to the N-terminal and C-terminal regions of the
Xenopus Ac45 protein (31 and 39%, respectively). Based
on these ESTs, we designed PCR primers and cloned a full-
length Xenopus cDNA from a developmental stage-25
X. laevis cDNA pool. This cDNA contained a 1,359-bp
open reading frame (ORF) encoding a protein of 453 amino
Fig. 1 continued
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36.1% identity and 51.6% similarity with the Xenopus
Ac45 protein sequence. Structure prediction programs
(CBS Prediction Server) showed that the Xenopus Ac45LP
amino acid sequence contains a potential signal peptide,
eight potential N-glycosylation sites and a transmembrane
region followed by a short cytoplasmic tail. Remarkably,
the pairs of cysteines in the portion just N-terminal of the
transmembrane region have also been conserved between
Xenopus Ac45 and Xenopus Ac45LP (ESM Fig. S2).
Exogenous expression of Ac45 and Ac45LP in early
Xenopus embryos
To study the biochemical properties of the Ac45LP, we
performed exogenous protein expression studies in Xeno-
pus embryos. To this end, one-cell stage Xenopus embryos
were injected with synthetic Ac45 or Ac45LP mRNAs, and
extracts of stage-12 embryos were subjected to western
blot analysis. Since the epitope used for the generation of
the anti-Ac45-C antibody (X1311-C [24]) is highly con-
served between Ac45 and Ac45LP (ESM Fig. S2), this
antibody was successfully applied to detect exogenous
Ac45LP expression in the Xenopus embryos. The 62-kDa
intact and glycosylated Ac45 protein as well as its cleaved
and glycosylated 40-kDa form were observed in the lysates
of Ac45-mRNA-injected Xenopus embryos. In contrast,
only the intact form of the Ac45LP, which migrated
slightly slower than the 62-kDa intact Ac45 protein, was
observed in the Ac45LP lysates (Fig. 3). Thus, Xenopus
Ac45LP is not proteolytically cleaved.
Fig. 3 Exogenous expression of Ac45 and Ac45LP in Xenopus
embryos. Western blot analysis of lysates of embryos injected with
synthetic Ac45 mRNA or Ac45LP mRNA. Ac45 and Ac45LP
proteins were detected with an anti-Ac45-C antibody and visualized
by chemoluminescence
Fig. 2 The evolutionary history of the Ac45 and Ac45LP genes.
a Schematic overview of genes surrounding the (presumptive)
Ac45LP- and Ac45 genes. The Ac45LP gene was identiﬁed in
chicken and Xenopus, but not in zebraﬁsh. In human and mouse, only
a remnant of the presumptive Ac45LP gene (exon 9) was found. The
Ac45LP-neighboring genes were fully conserved. The Ac45 gene and
its neighboring genes were fully conserved among species, with the
exception of chicken. b Alignment of the partial human and mouse
presumptive Ac45LP amino acid sequences (deduced from exon 9
Ac45LP sequences) with Ac45LP amino acid sequences from various
species. Asterisk Stop codon preceding the exon 9 Ac45LP open
reading frame. Ac Anolis carolinensi, Gg Gallus gallus, Hs Homo
sapiens, Tg Taeniopygia guttata, Mm Mus musculus, Oa Ornitho-
rhynchus anatinus, Xl Xenopus laevis, Xt X. tropicalis. c Lineage-
dependent evolutionary fate of the Ac45 and Ac45LP genes
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during Xenopus development
A series of Xenopus developmental stages was analyzed for
expression of Ac45 and Ac45LP mRNAs. Reverse trans-
criptase (RT)-PCR analysis showed that Ac45 mRNA was
expressed in all maturing oocyte stages and in all of the
developmental stages analyzed. In contrast, Ac45LP
mRNA expression was found only from gastrulation stage
(stage 11) onwards but decreased after stage 24 (Fig. 4). It
would appear that Ac45 mRNA is both a maternal and an
embryonic transcript, whereas Ac45LP mRNA is only
embryonically expressed.
We then applied whole-mount in situ hybridization on
stage-30 Xenopus embryos with an Ac45 as well as an
Ac45LP DIG-labeled probe. Hybridization with the Ac45
anti-sense probe revealed clear hybridization signals in the
developing brain and neural tube of the Xenopus embryos
(Fig. 5a), whereas no signal was detected for the Ac45-
sense probe (Fig. 5b). Using the Ac45LP anti-sense probe,
however, we did not observe a hybridization signal
(Fig. 5c). These results indicated that the whole-mount in
situ hybridization technique was apparently not sensitive
enough to detect Ac45LP mRNA expression. Taking into
account that Ac45LP mRNA expression is presumably low
and spatially restricted in Xenopus embryos, we then
applied direct in situ hybridizations on Xenopus stage-30
embryonic sections. Using the Ac45 anti-sense probe, we
found strong hybridization signals in the prosencephalon,
mesencephalon and the developing eye (Fig. 6a, b),
thereby supporting our whole-mount in situ hybridization
data; Ac45 mRNA expression was also detected in neural
crest cells distributed between the pharyngeal arches
(Fig. 6b). No signals were detected for the Ac45-sense
probe (Fig. 6c).
Only a low level of Ac45LP mRNA expression was
detected in the developing brain (Fig. 6d) and eye
(Fig. 6e), but when the direct hybridization approach was
used, surprisingly clear signals were found in neural crest
cells between the pharyngeal arches (Fig. 6e, f) and
migrating through the ventral mesoderm (Fig. 6g). No
hybridization signals were detected with the Ac45LP sense
probe (Fig. 6h).
Thus, both Ac45 and Ac45LP mRNAs were expressed
in Xenopus embryos, with the highest Ac45 mRNA
expression levels in the developing brain, eye and neural
crest cells; in contrast, the level of Ac45LP mRNA
expression was relatively low in neural tissues but high in
migrating neural crest cells.
Tissue distributions of Ac45 and Ac45LP mRNA
in adult Xenopus
The mRNA distributions of Ac45 and Ac45LP were stud-
ied in tissues of adult Xenopus. In agreement with earlier
studies on other species [22, 25, 26, 32], we found that
Ac45 mRNA was ubiquitously expressed, with a higher
abundance in the neuronal and neuroendocrine tissues of
adult Xenopus (Fig. 7). Remarkably, and in contrast to
Ac45, the expression of Ac45LP mRNA was restricted to
the kidney and the lung of adult Xenopus (Fig. 7).
Discussion and conclusion
In the study reported here, we screened EST and genomic
databases and identiﬁed the novel type I transmembrane
protein Ac45LP that is related to the V-ATPase accessory
subunit Ac45. To date, no isoform of a V-ATPase acces-
sory subunit has been described. Our phylogenetic analysis
Fig. 4 Expression of Ac45 and
Ac45LP mRNAs in developing
Xenopus. Total RNA was
extracted from Xenopus
embryos (developmental stages
are indicated). Reverse
transcriptase-PCR analysis was
performed as described in the
Materials and Methods.
Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH)
served as an internal control for
RNA integrity. -RT Absence of
reverse transcriptase (negative
control). Staging of Xenopus
embryos was according to
Nieuwkoop and Faber [30]
636 E. J. R. Jansen et al.showed that the Ac45LP is highly conserved in tetrapod
species, but that the gene was lost in placentals. This pre-
sumptive gene loss is supported by our identiﬁcation of just
a partial Ac45LP exon 9 sequence located in both human
and mouse chromosomal regions syntenic to the Ac45LP
genomic region in other tetrapods. Our search for Ac45LP
sequences was successful in mammals only up to the
Platypus, a Monotremata species. It would appear that
during evolution, probably when the placentals and the
marsupials diverged from the monotremes, the function of
the Ac45LP was lost in the placental species, whereas the
two regulators of the V-ATPase were sustained in other
tetrapods. Intriguingly, the complete Ac45LP gene is
present in birds, while our database searches did not
identify any Ac45 gene fragments, leading us to conclude
that the avian Ac45 gene has apparently been lost and that
in birds Ac45LP acts as the only Ac45-related V-ATPase
accessory subunit.
The overall structural characteristics of the Ac45LP
clearly show similarities with those of the Ac45 protein;
both polypeptides are highly glycosylated type I trans-
membrane proteins with conserved cysteine residues and a
short C-tail. The Ac45 C-tail contains an autonomous
targeting sequence, TMDRFDDPKG, that is highly con-
served among species [31, 33]. Interestingly, this targeting
signal is nearly identical to that in the Ac45LP
(TNDKFDDPKG), and these signals may thus allow
the co-existence of V-ATPases containing Ac45LP and
V-ATPases containing Ac45 in the same membrane. On
the other hand, the subtle variations in the targeting signals
may direct Ac45LP to a cellular subcompartment distinct
from that of Ac45, allowing each of the two proteins to
execute a speciﬁc control of the V-ATPase.
The exogenous Ac45 protein was cleaved in develop-
ing Xenopus embryos injected with synthetic mRNAs, but
the Ac45LP was not. Cleavage of the Ac45 protein has
been shown to be a prerequisite for its transport through
the secretory pathway of neuroendocrine Xenopus mela-
notrope cells [27]. Furthermore, a reduced proteolytic
processing of Ac45 in furin
-/- in pancreatic ß-cells is
thought to be the cause of the impaired granular acidiﬁ-
cation found in these cells [32]. The fact that the Ac45LP
sequence does not harbor a potential proprotein cleavage
site is in line with our observation that Ac45LP is not
cleaved in the injected Xenopus embryos. Ac45LP func-
tioning does not seem to require its cleavage. It is
Fig. 5 Whole-mount in situ
hybridization for Ac45 and
Ac45LP mRNAs in stage-30
Xenopus embryos.
Hybridizations with Ac45-anti-
sense- (a) and Ac45-sense (b)
DIG-labeled probes. Ac45
mRNA expression was
predominantly found in
developing neural tissues (brain,
spinal cord and eye). c No
signals were observed with the
Ac45LP-anti-sense probe.
d Negative control using the
Ac45LP-sense probe
Identiﬁcation of an Ac45 isoform 637possible that V-ATPases containing uncleaved Ac45LP
and V-ATPases containing cleaved Ac45 are targeted to
distinct subcompartments and/or contain different sets of
subunit isoforms allowing differential functioning of the
enzyme complex. However, we can not exclude the
possibility that proteolytic processing of Ac45LP does
occur in other cell types.
The presence of Ac45 mRNA in oocytes and in pre-
gastrulation embryonic stages is interesting in that it points
to a role for Ac45 in correct V-ATPase functioning during
early developmental processes. V-ATPase-dependent pro-
ton ﬂuxes have been shown to be critical for the regulation
of correct left–right asymmetry in early embryos [1]. The
absence of Ac45LP expression in these early develop-
mental stages suggests that only Ac45—and not Ac45LP—
is involved in proton pumping during early embryogenesis.
The onset of Ac45LP mRNA expression at Xenopus
embryonic stage-11 coincides with the ﬁrst signs of neural
crest induction [34]. Intriguingly, the withdrawal of neural
crest from stage-25 spinal cords onwards [30] occurs
concomitantly with the reduction in Ac45LP mRNA
expression. The detection of both Ac45 and Ac45LP
mRNA in migrating neural crest cells suggests a role for
specialized V-ATPase functioning in these later develop-
mental stages. For example, the V-ATPase may regulate
the secretion of plasminogen activators that function in the
breakdown of extracellular matrix tissue components dur-
ing neural crest cell migration [35].
A remarkable ﬁnding of our study was the restricted
expression of Ac45LP in only lung and kidney of Xenopus.
Interestingly, both lung and kidney express speciﬁc
V-ATPase subunit isoforms in specialized cell types [36].
In mammals, the lung epithelium contains two kinds of
pneumonocytes, namely type I alveolar cells, which func-
tion in gas exchange, and type II alveolar cells, which
express V-ATPase subunit isoforms in lamellar bodies that
store and secrete surfactants and are thought to control the
extracellular pH in the alveolus by active proton secretion
[37]. The frog lung, however, contains only one type of
pneumonocyte that combines both alveolar type I and II
functions [38, 39]. One possibility is that the two combined
functions of the frog pneumonocyte are made possible due
to the presence of both Ac45 and Ac45LP. With respect to
the presence of Ac45LP in the Xenopus kidney, it is
interesting to note that in amphibians the mesonephros
is extended with additional posterior tubules and forms the
opisthonephros as the functional kidney; in contrast,
the mammalian adult functional kidney develops from the
metanephros [40]. It remains to be established whether
the availability of the Ac45LP underlies this difference in
the origin of the mammalian and frog kidney.
Of evolutionary interest is the absence of Ac45LP in not
only mammals but also ﬁsh. It would appear that not only
the mammalian lung and kidney can function without
Ac45LP but also gills, which in ﬁsh represent the equiva-
lent of the mammalian pulmonary and renal cells [41].
Thus, these two evolutionarily clearly separated groups of
animals apparently function in the absence of Ac45LP.
In conclusion, we identiﬁed the ﬁrst isoform of a
V-ATPase accessory subunit and determined that this novel
Fig. 6 Expression of Ac45 and Ac45LP mRNAs in neural tissue and
neural crest cells of Xenopus embryos. Sections of developmental
stage-30 Xenopus embryos hybridized with an Ac45-anti-sense probe
showed Ac45 expression in the developing brain (a), in migrating
neural crest cells between the pharyngeal arches and in the developing
eye (b, arrows). No signals were detected with the Ac45-sense probe
(c). Ac45LP mRNA expression was detected in the developing brain
(d), in the migrating neural crest cells (e, f, arrows) and to a lower
extent in the developing eye (e). Ac45LP mRNA-positive cells were
also detected in the ventral mesoderm (g). No hybridization signal
was found with the Ac45LP-sense probe (h). Asterisk Non-speciﬁc
staining, e eye, Pros prosencephalon, Mes mesencephalon
638 E. J. R. Jansen et al.protein shares biochemical characteristics with Ac45, with
the exception of its post-translational proteolytic process-
ing and its expression pattern both during development and
in the adult. The Ac45LP represents an Ac45 paralog that
probably arose from an ancestral Ac45 gene duplication
event, and the duplicated gene was sustained in tetrapod
species. However, in placental mammals, the Ac45LP gene
was lost. We conclude that in non-mammalian tetrapods,
not only ‘common’ V-ATPase subunit isoforms but also an
isoform of the accessory subunit Ac45 may contribute to
yet another level of V-ATPase regulation during neuro-
development and in specialized cells.
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